Two independent clones from the genomic DNA of a marine sponge Microciona prolifera were isolated by hybridization to the Caenorhabditis elegans Col-1 gene and one clone was obtained from genomic DNA by PCR. They contain open reading frames (MpColl, MpCol2, MpCol3, MpCol4) capable of coding for a family of collagens different from those previously found in sponges. Southern blotting of genomic DNA suggested the presence ofseveral other homologous genes. cDNA dones covering most of the triple-helical coding domain and the 3' untranslated region of MpColl were isolated by specific primers and reverse PCR. Two cDNA clones end in the middle of an AATAAA sequence 170 bp downstream from the translation stop codon of MpColl. The putative NH2-terminal noncollagenous peptide is composed of only seven amino acid residues. The 1074-bp triple-helical coding region is not interrupted by intervening sequences. It codes for a polypeptide of 120 Gly-Xaa-Yaa triplets with only one short interruption near the COOH terminus. A putative N-glycosylation sequence (Asn-Gly-Ser), three Arg-Gly-Asp triplets known as cell recognition peptides, frequent Lys residues in the Yaa position (which are templates for hydroxylation), several Lys-GlyAsn/Xaa-Arg peptides known as the lysyl oxidase recognition site, and long stretches without imino acids could be found within the triple-helical domain. The short COOH-terminal noncollagenous domain closely resembles that of nematode cuticular collagens and vertebrate nonfibrillar collagens. Our results strongly support the idea that the diversity of collagen genes and gene families found in higher organisms already existed in sponge.
The collagens form a heterologous family of multidomain interactive proteins, constituting the major structural proteins throughout the animal kingdom (1-3). Each collagen molecule is a homo-or heterotrimer, formed by the product of one, two, or three distinct genes (4, 5) . The vertebrate collagens have traditionally been classified based on the extracellular structures they form. The most prominent structures in connective tissues are formed by the fibrillar collagens, types I, II, III, V, and XI, expressed in various tissues in a temporal and spatial specific manner. They are characterized by a chains with a long uninterrupted triple-helical domain of repeating Gly-Xaa-Yaa triplets and the globular NH2-and COOH-terminal propeptides (3). The genes coding for the fibrillar collagens have a complex highly conserved exon-intron organization. The rest of the more than 16 collagen types described so far form the highly heterogeneous group of nonfibrillar collagens, including basement membrane collagens, short-chain collagens, and fibril-associated collagens with interrupted triple helices (3, (6) (7) (8) (9) .
Less data have accumulated on the organization of collagens and their genes in invertebrates. Fibrillar collagens and
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their genes have been studied in sea urchins Paracentrotus lividus (10, 11) and Strongylocentrotus purpuratus (12) and in a sponge Ephydatia mulleri (13) . Type IV collagen-like genes have been characterized in Drosophila (14, 15) , in nematode Caenorhabditis elegans (16, 17) , and in sea urchin S. purpuratus (18). C. elegans cuticle is constituted from several short collagen chains, in which the coding region is interrupted by only one or two short introns (19, 20) . A family of minicollagens synthesized by the hydra nematode has been characterized as cDNA clones, capable of coding for short prolinerich proteins with central triple-helical regions of [14] [15] [16] Gly-Xaa-Yaa triplets (21).
Sponges (Porifera) have proved to be extremely diverse (22). They also display considerable polymorphism with respect to their collagenous structures as shown by detailed morphological studies (2, (23) (24) (25) . The collagen in sponges is highly insoluble, and therefore it has been impossible to carry out any biochemical analysis (2, 26) . According to the morphological studies, the collagenous fibrils dispersed throughout the intracellular matrix form the skeletal material of sponges (27). Cuticular structures have been found in some sponges, but their molecular composition has not been determined (28).
The collagen gene isolated from the freshwater sponge Ephydatia mulleri (Haplosclerida, Demospongiae) consists of predominantly 54-bp exon units in the triple-helix coding region, typical for the fibrillar collagens (29), but with at least one imperfection (13). The partial cDNA sequence coding for a nonfibrillar collagen shows common structural features with nematode cuticular collagens and type IV collagen (30, 31) . In the genomic clone the COOH-terminal part of the triple-helical coding region was split by short introns into four exons with sizes 153, 219, 207, and 144 bp (30) . In the present study we have determined the structure of a third type of collagen gene I I in the marine red sponge Microciona prolifera (Poecilosclerida, Demospongiae), which is best known for the studies on the species-specific aggregation factor (32, 33 Proc. Natl. Acad. Sci. USA 90 (1993) 7289 and fragments between 1 and 9 kb were collected from a sucrose gradient and ligated into a Agtll vector as described (35). This library was screened using a 310-bp BamHI-Aha III fragment of the C. elegans Col-1 gene (36) cloned into SP65 plasmid as a probe. The probe was transcribed by SP6 RNA polymerase and labeled with [32P]UTP (37) . The filters were hybridized and washed as described (35). After purification of the positive A clones, the inserts were transferred into pIBI76. The DNA sequence was analyzed by standard protocols of the dideoxynucleotide chain-termination method from double-stranded plasmids using single-stranded oligonucleotide primers.
Polymerase Chain Reaction (PCR). Fragments from sponge genomic DNA were generated using primers prepared based on the sequences identical in MpColl and MpCol2, antisense primer 1: 5'-CTCCAGGAGGTCCTTCG-3', upstream from base 124, and sense primer 2: 5'-GGGGCACCAGGAA-CACCT-3', downstream from base 706 of the MpColl sequence. Thirty cycles were performed for 2 min at 95°C, 1 min at 55°C, and 1 min at 72°C.
Collagen cDNA Cloning by Reverse PCR. Total RNA was extracted as described (38) (Fig. 2) . In addition to the 5.6-kb and 2.2-kb EcoRI fragments already cloned, an equally hybridizing 6.5-kb fragment and a strongly hybridizing 15-kb EcoRI fragment were detected. This suggested that still other homologous genes could be found in the M. prolifera genome, similar to the 10 or more highly homologous genes coding for the type IV-like collagens in the E. mulleri genome (31) or the 40-150 cuticular collagen genes in the C. elegans genome (19).
Expression of MpCol Genes in M. prolifera. EcoRI-Not I adapters were ligated to the cDNA prepared from sponge poly(A) RNA and a 1% sample was circularized by ligation. Oligonucleotide primers homologous to MpColl, directing PCR in the 5' direction from base 586 and in the 3' direction from base 940 (primers 139 and 138, respectively; see Figs. 1 and 4), resulted in several fragments, which on the Southern blot hybridized to the MpColl gene, indicating that the MpColl-specific mRNA is expressed in the sponge cells. Second, by multiplying the circularized cDNA by PCR using specific primers, we were able to reveal the 5' end and 3' end of each cDNA. DNA sequence analysis of four PCR clones obtained from the circularized cDNAs (c2, c3, c4, c6) showed that the cDNAs covered most of the open reading frame and the 3' flanking region of the MpColl (see Figs. 1 
and 4).
When poly(A) RNA isolated from the growing spring sponge was studied on a Northern blot, the MpColl probe hybridized to mRNA of various sizes (Fig. 3) sizes of the ethidium bromide-stained rRNAs to be 1.8 and 4.8 kb, bands of0.8, 1.5, 2.5, 3.0, and 6.0 kb and a weak band at 9 kb were detected. The weakly hybridizing large mRNAs could code for fibrillar collagens similar to those in the sea urchin P. lividus, where a 6-kb mRNA codes for COLLla and a 9-kb mRNA codes for COLL2a (10, 11).
Characteristics of the Coilagen Chain Encoded by MpColl Gene. The DNA sequence of MpColl, the flanking regions, and the amino acid sequence translated from the 1140-bp open reading frame are shown in Fig. 4 . The triple-helical region contains 358 amino acids, starting with a Gly-Pro-Pro Proc. Natl. Acad. Sci. USA 90 (1993) triplet and ending with several Gly-Pro-Pro triplets separated from the main collagenous domain by an imperfection of two triplets without the Gly residue. The COOH-terminal end of the triple-helical region encoded by MpColl gene closely resembles that of the al chain of type XV collagen (6), where the interruption XIII is bordered by several Gly-Pro-Pro triplets. The COOH-terminal end of the sea urchin a2 chain (11) with several Gly-Pro-Pro triplets is preceded by structures not usually found within the triple-helical domain, like Gly-Gly repeats, cysteine residues, and imperfect triplets.
13
One putative N-glycosylation site, Asn -Gly-Ser, was found. The sequence coding for the tripeptide Arg-Gly-Asp, known to be involved in cell recognition of fibronectin and other proteins (40), was found three times. The sequence coding for the tetrapeptide Lys-Gly-Asp/Xaa-Arg resembling the vertebrate consensus sequence for lysyl oxidase attachment (41) was found six times. In addition, there are frequent Lys residues in Yaa positions that are often hydroxylated and glycosylated in other collagens. Earlier studies have shown sponge collagen to be highly glycosylated (42). The long stretches without proline found in the E. mulleri fibrillar collagen chain (13) were also found in the central part of MpColl spanning 35 amino acids following Pro-121 and 41 amino acids following Pro-241. Several amino acids showed preference for either the Xaa or Yaa position. The Xaa position was favored by leucine (Xaa/Yaa = 8/0), valine (7/1), serine (21/2), and alanine (13/4), whereas the Yaa position was favored by lysine (Xaa/Yaa = 2/17), arginine (1/16), glutamine (9/17), asparagine (0/9), threonine (3/10), and proline (19/30). C. elegans cuticular collagens show a high preference for A in the wobble position of codons for glycine and proline (36). In M. prolifera MpColl, adenine was also favored in the third position for glycine (65%), proline (44%), and alanine (59%) but was more evenly distributed with U, which was used by 38% (Gly), 19% (Pro), and 23% (Ala). Also lysine and threonine showed a bias in codon preference with 14 of 19 lysines encoded by AAA and 10 of 16 threonines encoded by ACA. In E. mulleri type IV-like collagen, A was preferred in glycine codons (61%) but U was preferred in codons for proline (60%) and alanine (60%) (30) .
The triple-helical coding region was preceded by one in-frame ATG codon giving rise to a noncollagenous NH2-terminal peptide seven amino acid residues long (Met-TyrPhe-Thr-Pro-Thr-Ile-), in which the amino acids with uncharged polar side chains (Tyr, Thr, Thr) alternate with amino acids with nonpolar side chains (Phe, Pro, Ile). Upstream from the ATG codon each reading frame contained several translation stop codons. For the putative splicing event a consensus acceptor splice sequence was found at the beginning of the triple-helical coding domain, which, if used, would split the glycine codon.
The sequence CATCACA, related to the sequence found within the promoters of C. elegans cuticular collagen genes immediately preceding the putative transcription initiation site (20), was found upstream from the ATG at -35. The sequence for the putative TATA element was found at -70 and a G-rich sequence was at -140, but no CCAAT-box was found.
The COOH-terminal noncollagenous peptide of MpColl contained 15 amino acid residues including two cysteines. Two more cysteines were found at the COOH-terminal end of the triple helical region. Similar short COOH-terminal peptides can be found in several other collagens, as shown in Fig. SB . The 3' untranslated region contained the consensus processing signal AATAAA 170 bp after the translation stop codon. Two cDNA clones ended in the middle of this sequence after the nucleotide 1312, and the other two ended after nucleotides 1245 and 1207 (Fig. 4) .
DISCUSSION
Our data demonstrate that there are at least three different collagen types in the extremely divergent phylum Porifera (22). The two genomic loci characterized in this work contain one open reading frame encoding a long uninterrupted GlyXaa-Yaa repeat preceded by a highly homologous sequence in the same orientation. Several gene copies could provide an effi'cient way for a cell to produce large amounts of protein during a certain developmental stage or growth period, but multiple homologous genes also could represent inactive remnants of an active gene. Based on the sequence data (not shown), MpColl, MpCol2, and MpCol4 could represent the former class, whereas MpCol3 could represent the latter one.
The insolubility of the sponge collagenous material has prevented studies on the structure and function of sponge collagens (26). Based on the highly homologous collagen genes found at two different chromosomal locations we assume that the extent of homology could not have been maintained if the genes were not expressed at all.
In the genes coding for the M. prolifera collagens, the coding regions were not interrupted by any introns, resembling the structure of the short chain collagens, types VIII and X, where the 454-to 460-amino acid-long triple-helical domains and part of the surrounding noncollagenous domains are encoded by a single long exon (43, 44 The intramolecular disulfide bonds can provide the protein with thermal stability and protease resistance and the intermolecular bonds can stabilize microfibrils and cause the insolubility ofthese structures (45). Based on the exon-intron distribution, it has been suggested that the triple-helical domain and the noncollagenous domains of type VI collagen may have evolved separately (48).
The short COOH-terminal noncollagenous telopeptide and the location of cysteine residues at the COOH-terminal end of MpColl (Fig. 5B) closely resemble those of nematode cuticular collagens (20) . Locations of the cysteine residues within the NC1 domains of the fibril-associated collagenstype IX (49-52), type XII (53), and type XIV (54)-and of type XIII collagen (55), type XV collagen (6), type XVI collagen (7), and COL RH (9) are shown in Fig. SB . The type XVI collagen is composed of 10 collagenous domains interspersed with 11 short cysteine-rich noncollagenous domains (7), resembling the structures found in the cuticular collagens of C. elegans (20) . Such domain structure was not found in the MpColl, but four cysteine residues were found at the COOH-terminal end instead. Early studies have shown the presence of sulfhydryl groups and disulfide bonds in sponge collagenous structures suggesting the sponge collagen to be like procollagen in higher vertebrates (56).
All collagen genes studied so far encode an NH2-terminal signal sequence, which is cleaved off from the translation product during the secretion of the polypeptide. The MpColl gene encodes an NH2-terminal noncollagenous domain of only seven amino acid residues, which is not long enough to function as a conventional signal peptide. Two different routes for collagen secretion from sponge cells have been proposed by Garrone (28) : collagen precursors are transported through the secretion pathway along microtubules and the conversion to collagen takes place in the extracellular space. Another possibility is that collagen precursors concentrate intracellularly within dense inclusions where conversion to collagen and fibrillogenesis occur, and the contents ofthe fibrillar inclusions are then released by exocytosis (28 
